Abstract
Introduction

Endoplasmic reticulum (ER) stress is associated with cell death in a number of pathologies including ischaemia, Alzheimer's and
Parkinson's diseases [1] . ER stress is caused by physiological and pathophysiological conditions that overwhelm the protein folding or impairs the Ca 2+ -storage capacity of the ER. Prolonged or severe ER stress leads to apoptotic cell death which is mediated by the activity of caspase proteases [2] . There have been conflicting reports concerning the mechanism of caspase activation during ER stress-induced apoptosis. Some evidence supports a role for caspase-12 as the apical caspase activated directly by the ER [3] [4] [5] . Other recent evidence points to involvement of the mitochondrial apoptotic pathway by showing that ER stress induces mitochondrial release of cytochrome c, assembly of the apoptosome and activation of caspase-9; leading to execution of death [6, 7] .
Central to the regulation of apoptosis is the Bcl-2 family, which includes both pro-(e.g. Bax, Bak) and anti-apoptotic (e.g. Bcl-2, Bcl-x L ) members [8] . [8] . BH3-only members of the family (e.g. Bad, Bim, PUMA, Noxa, Bid) regulate the function of the multi-domain Bcl-2 proteins and induce Bax/Bak-mediated cytochrome c release [8] [9] [10] . BH3-only proteins are regulated transcriptionally (e.g. Bim, PUMA) and/or post-translationally (e.g. phosphorylation of Bim or Bad) [9] .
The multi-domain members of the Bcl-2 family (which contain Bcl-2 homology domains, BH1, BH2 and BH3) act on intracellular membranes, including ER and mitochondrial membranes, affecting their permeability towards ions and/or proteins. Their best understood function is at the mitochondrial outer membrane, where different family members either promote or inhibit release of pro-apoptotic factors including cytochrome c
Neurotrophins, such as nerve growth factor (NGF) act through tyrosine kinase (Trk) receptors to provide survival and differentiation signals for neuronal cells during development [11] . Deprivation of NGF in sympathetic neurons and differentiated PC12 cells induces apoptosis [12, 13] . In addition, NGF can also protect cells against oxidative stress or toxin-induced apoptosis [14] [15] [16] [17] [18] . NGF promotes survival largely through activation of the TrkA receptor and intracellular kinase pathways, including the phosphatidylinositol-3 kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK) pathways [14, 17, 19, 20] . NGF has also been reported to protect against ER stress-induced apoptosis, however, the molecular mechanism is unclear [15, 17] .
The aim of this study was to identify the mechanism by which NGF protects PC12 cells against thapsigargin (TG)-induced ER stress. PC12 cells express TrkA receptors and are responsive to NGF [21] . TG inhibits the sarcoplasmic/ER Ca 2+ -ATPase pump (SERCA) and causes severe ER stress culminating in apoptosis [22] . We examined the induction by TG of the unfolded protein response (UPR) and activation of the apoptotic execution machinery, and investigated the effect of NGF on each of these TGinduced responses in order to identify its mechanism of protection against lethal ER stress.
Materials and methods
Materials
All chemicals were purchased from Sigma unless otherwise stated. AcAsp-Glu-Val-Asp-␣- (4-methyl-coumaryl-7- 
Culture and treatment of cells
PC12 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% horse serum, 5% foetal calf serum, 50 U/ml penicillin and 50 g/ml streptomycin as previously described [18] . For experiments, dishes were coated with poly-L-lysine (10 µg/ml for 3 hrs to assist adherence of cells) and cells were seeded at 7 ϫ 10 5 per cm 2 24 
Detection of caspase-3-like activity
Caspase-3-like activity (DEVDase activity) was determined fluorometrically as previously described [23] 
Statistical analysis
Results are expressed as means ± S.E.M. All experiments were repeated at least three times. Statistical analysis was performed using repeated measures ANOVA followed by post hoc tests as described in the figure legends.
Results
NGF blocks TG-induced apoptosis,but not UPR or caspase-12 processing in PC12 cells
In agreement with other reports [15, 17] , pre-treatment of PC12 cells with 100 ng/ml NGF for 2 hrs prior to exposure to TG (1.5 m) inhibited development of apoptotic morphology, caspase (DEVDase) activity and activation of caspases-3 and -7 ( Fig. 1) .
Fig. 1 Pre-treatment with nerve growth factor (NGF) prevents thapsigargin (TG)-induced cell death in PC12 cells. (A), PC12 cells were treated with
NGF (100 ng/ml) for 2 hrs prior to exposure to 1.5 Since NGF has been reported to down-regulate the SERCA pump [24] and thus may alter the ability of TG to cause ER stress, we investigated whether NGF had any effect on the UPR. TG exposure caused a time-dependent induction of the ER chaperone Grp78/BiP (a hallmark of UPR activation) ( Fig. 2A , Supplementary  Fig. 1A ). In addition to Grp78, we chose specific target molecules for each of the three pathways of the UPR. XBP1 and spliced XBP1 (sXBP1) were examined to show the co-ordinated action of ATF6 and Ire1 and GADD34 was examined to show activation of PERK [2, 25] (Fig. 2B and C, Supplementary Fig. 2A and B) . The effect of NGF on the TG-mediated activation of these genes was examined during the onset of the UPR (1-4 hrs treatment) (Fig. 2B,  Supplementary Fig. 2A ) as well as at later times during ER stress (3-24 hrs) (Fig. 2C, Supplementary Fig. 2B ). TG induced all of these UPR markers, however NGF pre-treatment exhibited no effect on the regulation of any of these UPR-specific genes eitherat the early or the late stages of the UPR ( Fig. 2A-C, Supplementary  Fig. 2A and B) .
We next hypothesized that NGF may prevent ER stress-induced apoptosis by selectively blocking ER stress-related events that are linked to the induction of apoptosis. Two such events are CHOP induction and caspase-12 processing [2] . The transcription factor CHOP was strongly induced by TG, however this was unaffected by pre-treatment with NGF (Fig. 2D, Supplementary Fig. 1A) . Similarly, TG treatment caused induction and processing of procaspase-12 which was unaffected by NGF pre-treatment (Fig. 2D) 
NGF blocks the mitochondrial pathway to intervene in TG-induced apoptosis through inhibition of Bax translocation to the mitochondria
The next possible point of interference with the ER stressinduced apoptotic pathway is the mitochondria [26] [27] [28] . TG treatment induced pro-caspase-9 processing between 12 and 18 hrs of treatment, which was markedly reduced by pre-treatment with NGF (Fig. 3A) . This was not accompanied by any changes in the expression of Apaf-1 (Fig. 3B, Supplementary Fig.  1B (Fig. 4B, Supplementary Fig. 1C ). (Fig. 5A) . However, pre-treatment with NGF did not prevent TG-induced dephosphorylation of Bad at Ser136 (Fig. 5  A) . Bim, PUMA and Bik are primarily regulated transcriptionally [9] , therefore the effect of TG on their expression was examined using RT (Fig. 5B, Supplementary Fig. 2C ).
NGF blocks TG-induced expression of Bim
NGF did not affect TG-mediated induction of PUMA mRNA, but it significantly delayed the induction of all three Bim mRNA splice variants (Fig. 5B, Supplementary Fig. 2C) (Fig. 5C, Supplementary Fig.  1D ) EL (Fig. 5E ).
. The other two splice variants of Bim were not detectable by immunoblotting. Furthermore, Bim was found to be necessary for TG-induced apoptosis, as knockdown of Bim with siRNA prevented TG-induced pro-caspase-3 processing (Fig. 5D). Pre-treatment of the cells with NGF caused delayed and reduced induction of Bim EL protein in response to TG and also elicited the appearance of a higher molecular weight form of the protein, suggestive of Bim EL phosphorylation (Fig. 5C). Treatment of cell lysates with -phosphatase prior to SDS-PAGE resulted in disappearance of the upper band that could be blocked by co-incubation with the phosphatase inhibitor sodium orthovanadate, demonstrating that this higher molecular weight band is in fact a phosphorylated form of Bim
NGF-induced cytoprotection against TG is dependent on PI3K signalling
NGF is known to activate multiple kinase pathways [34] . In two separate publications, PI3K/Akt signalling [15] , but not MAPK signalling [17] Fig. 3A and B) . (Fig. 6B) on TG-induced loss of ⌬⌿ m was also reversed by PI3K inhibition, demonstrating that mitochondrial changes were also dependent on PI3K signalling (Fig. 6C) (Fig. 6D,  Supplementary Fig. 1D) . Notably, LY294002 alone caused a mild induction of Bim EL protein, which is probably due to the reduction of basal PI3K/Akt activity and has previously been reported [35, 36] . At the same time, LY294002 treatment alone did not induce caspase activation or apoptotic morphology (Fig. 6A and morphology data not shown) . Staurosporine, which reversed NGF cytoprotection, also reversed the effect of NGF on Bim EL protein (Supplementary Fig. 3C ). In common with LY294002, staurosporine also reduced Akt phosphorylation ( Supplementary  Fig. 3D ), which may be due to PI3K inhibition by staurosporine [37] . Fig. 4 [1] . A number of recent reports show that NGF can protect PC12 cells from ER stress-induced apoptosis, however, the mechanism is not understood [15, 17, 38] . At least one report suggests that NGF blocks tunicamycin-induced apoptosis via reduced processing of caspase-12 [38] . This supports a number of studies that report an important role for caspase-12 in ER stress-induced apoptosis as the initiator caspase [3] [4] [5] . However, other studies have reported a requirement for the mitochondrial pathway and apoptosome formation for caspase activation and execution of death during ER stress [26] [27] [28] 39] .
, have been shown to be involved in NGF protection against TG. Using the MTT viability assay, we tested a range of kinase inhibitors, and found that the PI3K inhibitor LY294002, but not the MAPK inhibitor U0126, reversed the protective effects of NGF against TG, while inhibition of Jun N-terminal Kinase (JNK), protein kinase C or hexokinase translocation to the mitochondria had no effect (data not shown). In contrast, the non-specific kinase inhibitor staurosporine reversed NGF-dependent protection (Supplementary
We further examined whether PI3K signalling was involved in NGF-mediated inhibition of caspase activation. NGF-mediated inhibition of TG-induced DEVDase activity was reversed by LY294002 in a dose-dependent manner (Fig. 6A). This was accompanied by reappearance of the p17 active fragment of caspase-3 upon treatment with LY294002
Discussion
Impaired ER function is an important factor in a variety of neurodegenerative disorders including Alzheimer's disease, Parkinson's disease and ischaemia
It is obvious from the present study that TG-induced apoptosis in PC12 cells involves the mitochondrial pathway (Fig. 7) [41] , although this may be cell type-dependent [42] . NGF is known to regulate Bim EL levels during trophic factor deprivation-induced apoptosis [43] . [41] . In fact, heterodimeric CHOP-CCAAT/enhancer-binding protein ␣ (C/EBP␣) has been shown to up-regulate bim transcription [41] . It is noteworthy that PI3K/Akt signalling can inhibit C/EBP␣ transcriptional activity [45, 46] and that NGF protection against TG as well as regulation of Bim was dependent on PI3K activity [15] [43, 47] . ERK-dependent phosphorylation has been shown to target Bim EL for ubiquitination and proteasomal degradation [43, 47] . A previous report showed that a deletion mutant of Bim EL lacking ERK phosphorylation sites, Ser109 and Thr110, retained a mobility shift in response to NGF in PC12 cells [43] . In addition, there is also some recent evidence that Bim EL can be directly phosphorylated by Akt [48] (Fig. 7) .
With regard to other Bcl-2 family members, the present study did not reveal any alteration in the expression of Bcl-2 or Bcl-x L in PC12 cells. This is in contrast to some [31, 32] and in agreement with other studies [49, 50] [54, 55] . In trinucleotide-repeat disorders such as Huntington's disease, ER stress-induced neuronal death is triggered by expanded poly-glutamine repeats [56] . The pro-survival abilities of neurotrophic factors in these diseases may be linked to their ability to reduce ER stress-induced cell death.
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